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Abstract 


A low-noise high-gain large-bandwidth transimpedance amplifier (TIA) 
for cryogenic scanning tunneling microscope (CryoSTM) is proposed. 
The TIA connected with the tip-sample component in CryoSTM is called 
as CryoSTM-TIA. The CryoSTM-TIA has a transimpedance gain of 10 
GQ, a bandwidth of over 100 kHz, and an equivalent input noise cur- 
rent power spectral density less than 4 (fA)?/Hz at 100 kHz. The low 
inherent noise of the CryoSTM-TIA is due to its special design: (1) its 
pre-amplifier (Pre-Amp) is made of the low-noise cryogenic high electron 
mobility transistors; (2) the cascode-type configuration for the Pre-Amp 
T is used to avoid Miller effect to reduce its input capacitance C'a; (3) the 
capacitance of the cable connected the Pre-Amp input to the tip, i.e. 
C1, is minimized; (4) thermal noise sources, such as the feedback resis- 
tor, are placed in the cryogenic zone. Its high gain and large-bandwidth 
are realized together, due to the application of the frequency com- 
pensation in the feedback loop, the reduced C'a, and the minimized 
Cı. This apparatus can be used for fast high-energy-resolution mea- 
surements of scanning tunneling spectra for low conductivity materials, 
especially for measuring their scanning tunneling shot noise spectra. 


Keywords: Cryogenic scanning tunneling microscope, Transimpedance 
amplifier, High electron mobility transistor, Equivalent input noise current 
power spectral density, Scanning tunneling shot noise spectra 
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1 Introduction 


High performance transimpedance amplifier (TIA) for cryogenic scanning 
tunneling microscope (CryoSTM) is a key element in scanning tunneling 
microscopy/spectroscopy [1-3]. For the application of the STM for more com- 
plex organic systems, such as biological macromolecules and membranes, the 
main problems are the ability for the biological samples to sustain only an 
extremely low current [4]. And, for low-conductivity materials, such as wide 
bandgap semiconductors, the tunnel current is typically less than 100 pA [5]. 
Therefore, the low-noise high-gain TIA is needed for these works. For the exist- 
ing TIAs with the gain higher than 1 GQ, the typical bandwidth is only several 
kHz [6, 7], which is too low for some applications, such as the shot noise mea- 
surements [8]. And, the inherent noise of these high gain TIA are quite large 
[4—7]. 

In this work, the CryoSTM-TIA with the transimpedance gain of 10 GO 
and bandwidth higher than 100 kHz is proposed. Its inherent noise is only 0.21 
(fA)?/Hz at 10 kHz, and 3.1 (fA)?/Hz at 100 kHz. And, its transient response 
time is less than 10 ws. For low-conductivity materials, with this apparatus, 
fast high-energy-resolution scanning tunneling spectra (STS) measurements 
can be performed and very low tunneling shot noise of quantum systems can 
be measured. 


2 Circuit of the proposed CryoSTM-TIA 


Fig.1 shows the circuit of the proposed CryoSTM-TIA. It consists of four com- 
ponents: the pre-amplifier (Pre-Amp) shown in dashed box (al) and dashed 
box (a2) of Fig.1, the post-amplifier (Post-Amp) shown in dashed box (b), the 
compensated feedback network shown in dashed box (c), and the signal source 
circuit shown in dashed box (d). The two stage amplifier made of the Pre-Amp 
and Post-Amp is called as Macro operational amplifier (OPA), denoted as 
Macro-OPA. The Macro-OPA is connected with the feedback network to form 
the TIA. The components placed in the cryogenic zone are shown in the dot- 
ted box, and all of them are discrete ones. The parameters of all components 
of the CryoSTM-TIA circuit are listed in Table 1. The total power consump- 
tion of the cryogenic stage of the circuit is no more than 2.5 mW, according 
to Table 1. 


2.1 Design of Pre-Amp 


The differential amplifier part of the Pre-Amp is shown in dashed box (al) 
of Fig.1. The transistors H1,, H21, H12, and H22 are cryogenic high electron 
mobility transistors (HEMTs), i.e. CNRS-HEMTs developed by CNRS/LPN 
in France [9, 10]. The CNRS-HEMT is able to operate at the cryogenic zone 
below 0.5 K, and its power is only 0.1 mW. Its parameters are listed in Table 
1, where eĝ is the equivalent input noise voltage PSD of CNRS-HEMT, and 


ił is its equivalent input noise current PSD [10]. The 4 CNRS-HEMTs are 
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Fig. 1 Circuit of the proposed CryoSTM-TIA. Differential amplifier part of Pre-Amp is 
shown in dashed box (a1), constant-current source part of Pre-Amp in dashed box (a2), the 
Post-Amp in dashed box (b), the compensated feedback network in dashed box (c), and the 
signal source circuit in dashed box (d). The components placed in the cryogenic zone are 
shown in the dotted box. The parameters of all components of CryoSTM-TIA circuit are 
listed in Table 1. 


identical [11]. A cascode-type configuration for the Pre-Amp composed of 
CNRS-HEMTs H1,, H21, H12, and H22 is used. The sources of H1; and H2, 
are connected together and grounded via a variable resistor Rs. The drains of 
H1iə and H2, are connected to Rı and Rə respectively, and Rı = Ro = Ry. 
Ry is a potentiometer, and Rı2 < 0.02R,. The movable terminal of R12 is 
connected to the output of the constant-current source, Rp; = Ry + ARı2 and 
Rug = Ro + (1 — A) Rig, and A can vary from 0 to 1. Gate N of H1; as the 
input of the Pre-Amp is connected to the tip of the CryoSTM, and gate P of 
H2; is connected to ground permanently. C'a is the input capacitance of the 
Pre-Amp. Cs, Cy and C2 as the AC short circuit capacitors are 0.1 mF. H14, 
H2,, H12, H22, Ri, and Rə are placed in the cryogenic zone. H1, is placed as 
close as possible to the tip of the CryoSTM, so the capacitance of the cable 
connected gate N of H1; to the tip, denoted as C1, is reduced to less than 0.5 
pF. 

In this work, the voltage difference between inputs P and N of the Pre- 
Amp is called the differential input voltage of the Pre-Amp, and the voltage 
difference between outputs O, and Oz is the differential output voltage of the 
Pre-Amp. The ratio between its AC differential output voltage and AC input 
voltage is the voltage gain of the Pre-Amp Ayp. Since the gain-bandwidth- 
product of the CNRS-HEMT is gm/[27(Cgs + Cga)] ~ 1 GHz, the bandwidth 
of the Pre-Amp is not less than 25 MHz [3, 10]. A cascode-type configuration 
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Table 1 Parameters of all components of CryoSTM-TIA circuit 


CNRS-HEMTs H1,, H12, H21, H22 


Gate-source resistance Ra >10 TQ 
Transconductance gm 40 mS 
Channel conductance gq 1 mS 
Gate-source capacitance Cgs 5 pF 
Gate—-drain capacitance Cga 1 pF 
Drain-source voltage Vas 100 mV 
Drain-source current [gs 1mA 
> 10 kHz 2 
& ((aV)?/He) 100 ki 007 
> 10 kHz ml 
T (64/09 100 kie i 
Pre-Amp 
Ry 1kQ Riz 20 Q 
Rs 50+20 Cs 0.1 mF 
Cy, Co 0.1, 0.1 mF 
Tı & T2 BJT BFT93 [12] Rp 347 +10 
Rt 20 kQ Vpp +12 V 
Post-Amp 
Rear-OPA THS4021 
aao 97.5 dB fo 14.5 kHz 
Ca 1.5 pF Ra 1 MQ 
Supply voltages VRp, Van +15, -15 V 
Rg 1.5 MQ Gi 100 pF 
Feedback network 
Rp 10 GQ CF 0.3 pF 
Rk 500 kQ Ck 0.2 pF 
Ce 6 nF 
Signal source circuit 
Ry >10 MQ Cy 0.5 pF 


Note: + indicates the variable resistance range. Without specification, the default value 
after + is 0. 


for the Pre-Amp of the CryoSTM-TIA is used to avoid Miller effect, so that 
the gain is increased and the input capacitance is reduced, comparing to those 
in Ref.[3]. In (0, 3 MHz], Ayp can be considered as a constant, 


Ayp = Jm RL, (2.1) 
i.e. Ayp = 40. The input capacitance of the Pre-Amp is 
Ca = Cog + (2+ ga Rt )Cga- (2.2) 


i.e. Ca = 8 pF. The input resistance of the Pre-Amp Ra is the gate-source 
resistance of the CNRS-HEMT, and it is about 10 ~ 100 TQ, so it can be 
considered as infinity. 

The dashed box (a2) of Fig.1 shows the constant-current source part of the 
Pre-Amp that is the same as that in Ref. [3]. For a given resistance R», there are 
nearly no fluctuations for the current Isour generated by the constant-current 
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source, even though the voltage Vp, of the positive voltage source fluctuates 
greatly, which ensures the stability of the static operating points of H1,, H24, 
Hy, and H2, [3]. 


2.2 Design of Post-Amp and composition of Macro-OPA 


The Post-Amp circuit is shown in the dashed box (b) of Fig.1, and its param- 
eters are listed in Table 1. There is a commercial OPA in the circuit, called 
as Rear-OPA, which is THS4021 [13] in this work. And, its open loop volt- 
age gain a, can be approximately expressed as a, = @ao/(1 + j f/fo), where 
fp is its upper cut-off frequency. Ra and Ca are the input resistance and 
capacitance of the Rear-OPA respectively. The feedback resistor Rẹ is con- 
nected to the output of the Rear-OPA and its inverting input. Rr is 1.5 MQ. 
There are two cables in the Post-Amp, connecting outputs of the Pre-Amp 
Oı and Og to the non-inverting input and inverting input of the Rear-OPA 
respectively. The capacitance of the two cables is Cj, and Cig respectively, and 
Cy, = Cig = Ci © 100 pF. In this work, Ci >> Ca. Cascade the Pre-Amp and 
Post-Amp to form the Macro-OPA. The voltage gain of the Macro-OPA aa(f) 
is the ratio between the AC voltage at the output and the AC voltage at the 
input. When f —> 0, aa —> aao. aao is the DC voltage gain of the Macro-OPA. 
And, The voltage gain of the Macro-OPA aa(f) can be expressed as 


A= Ayp Ayr. (2.3) 


By the nodal analysis method, aq can be obtained. And then, with Ayp 
expressed by Eq.(2.1), Avr can be obtained by Eq.(2.3). In f < 3 MHz, 


Re 1 


Ry 1+ 4+ janfhe 


Avr x 


(2.4) 


The simulation results of aa are shown in Fig.2(a), and the upper cut-off 
frequency of aa is about 1.26 MHz. 


2.3 Frequency compensation of feedback loop 


In order to increase the bandwidth of the CryoSTM-TIA, for the high feedback 
resistor Rp with parasitic capacitance Cp, frequency compensation must be 
used in feedback loop. In Fig.1, the compensated feedback network is shown 
in the dashed box (c). Taking Ce equal to kCp, where k is above 10*, adjust 
Rx equal to Rp/k, realizing RkCe = RpCp [3, 14]. The output voltage of the 
TIA as V, generates the current Ip flowing to the TIA input N, so 


A-n Ryk + Rp ay Rp 
r Tp 1+ g2afReCy 14+ j2rfRuCy’ 


where Cx is the parasitic capacitance of Ry [3]. Zp(f) can be considered as the 
impedance of the feedback network. In (0, 200 kHz], with the parameters of the 
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feedback network listed in Table 1, |Zp(f)| ~ Rf/|1 + j2r f RkCk| > Re/1.007 
and |Zp(f)| < Rp, so it can be considered that Zp(f) is equal to Rp. 


2.4 Circuit stability of the proposed CryoSTM-TIA 


In Fig.1, the signal source circuit is shown in the dashed box (d), and its 
parameters are shown in Table 1. The differential resistance of the tip-sample 
tunnel junction (TJ) in CryoSTM is Rj, which is limited to no less than 
1073 Rp in this work. The capacitance of TJ is Cy, which is in parallel with Ry. 
And, Cy; is estimated as several fF [3]. C = Ca +C{+Cy in this work. C; is at 
least two orders of magnitude less than C'a + Cy, so it can be ignored in C and 
C ~ Ca +Ci. In Fig.1, the source BMS provides the DC bias V; and sinusoidal 
modulated signal voltage V; for the CryoSTM-TIA. In the following simulation, 
aa Cı is always taken as 0.5 pF. The TIA connects the signal source circuit to 
form the CryoSTM-TIA. According to the circuit parameters in Table 1, the 
performances of the CryoSTM-TIA can be simulated by TINA-TI [15]. 


(2) aB oe re ee ere re To DEG 
E — Jaala =-=- Z (a) ae 190 
NOF-.--|1/B |, - —Z(/B) 7 7 >x< 
3 7 N4445 
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Fig. 2 (a) TINA-TI simulation results for the voltage gain a, of the Macro-OPA and 
1/6(f) with Ry = 10 MQ. |aa| = |1/8| at 107 kHz. (b) TINA-TI simulation results for the 
loop-gain Ty, of the CryoSTM-TIA. |Tylap = 0 at 107 kHz. Both figures show |Ty|ap = 
laa las — |1/8(f)lap < —10 dB in f > 333 kHz and (TŁ) = Z(aa) — Z(1/8) > —107.6° in 
f < 333 kHz. Hence, the CryoSTM-TIA is stable enough. 
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The loop gain Ty, of the proposed CryoSTM-TIA [16] is 


Ti(f) = aa (PL) = aa (fF), (2.5) 


in which 8(f) is the feedback factor, and its reciprocal is, 
1/B(f) ~ 1+ Zp[1/Ry +1/Ra + j2rf(Ca + C1)]. (2.6) 


For the Macro-OPA, Fig.2(a) shows the curves for |aa(f)|ap and Z(aa(f)) 
simulated by TINA-TI and the calculated results of |1/6(f)|ap and Z(1/6(f)) 
with Ry = 10 MQ by Eq.(2.6). Fig.2(b) shows the corresponding |T (f)|aB 
and Z(Ti(f)). Both figures show \Ty lap = Jaa |aB = \1/8(f)lap < —10 dB in 
f > 333 kHz and (TŁ) = (aa) — (1/8) > —107.6° in f < 333 kHz. The 
CryoSTM-TIA is stable with gain margin more than 10 dB and phase margin 
more than 82°. It is easy to prove that the circuit is stable with Ry > 10 MQ. 


2.5 Voltage gain and transimpedance gain of the 
proposed CryoSTM-TIA 


With the frequency compensation as mentioned in Section 2.3, it can be con- 
sidered that Zp is equal to Rp in (0, 200 kHz]. Considering the TJ capacitance 
Cy, the TJ impedance should be Zy = Ry/(1+j27fRyCy). And, C ~% Ca +C. 
As the AC input voltage V; is applied by BMS, the output voltage of the 
CryoSTM-TIA is Vas and the voltage gain of the CryoSTM-TIA is A, = A / V. 
By the node analysis method, in (0,200 kHz], Ay is 


Rp 1 
Ay © . : (2.7) 
. Rpr(Cat+C, 
Zi 1+ N ait A + ie + j2nf F( zat 1) 


Setting V; = 0 and applying a sinusoidal current source I, in parallel with 
TJ, the output voltage V, is generated at the output of the CryoSTM-TIA. 
A; = Vo/ Ti is called as the transimpedance gain of the CryoSTM-TIA. In 
(0, 200 kHz], A; is 


Rr 
1 R R ` Rr(Ca+C1) 
1 | an ai ne TA ] jaf = ova ; 


Fig.2(a) shows |1/8| = |aa] (i-e.|ZLlag = 0) at 107 kHz, which is much 
smaller than the upper cut-off frequency of aa as 1.26 MHz. According to 
Eq.(2.8), the upper cut-off frequency of the CryoSTM-TIA facsr, ie. its —3 
dB frequency, should be facsr © |aao|/ [27Rr(Ca + C1)]. Therefore, frcsr 
should be at the frequency about where |aa| = |1/{], i.e. 107 kHz. By using 
the cascode-type configuration in the Pre-Amp, Miller effect is avoided, so Ca 
is only 8 pF. Therefore, facsr can be higher than 100 kHz with Rp of 10 GQ. 

Disconnecting the TIA with the signal source circuit, and applying a 
sinusoidal current source İr into the input of the TIA, the output voltage 


Springer Nature 2021 PTẸX template 


8 Low-noise high-gain large-bandwidth TIA with cascode-type preamplifier for CryoSTM 


Vor is generated at the output of the TIA. Air = Vor /İr is called as the 
transimpedance gain of the TIA. In (0,200 kHz], Air is 


Rr 
1+ 4 4+ se + jam fe 


aa RA 


Air = 


(2.9) 


-1.0+-— Ai/Relag 
[ --- ZAR 


& 
© 
T 


10 10 10 10° 10 10 
f (Hz) 


Fig. 3 TINA-TI simulation results for Ajr/Rp, Air is the transimpedance gain of the TIA 
in the proposed CryoSTM-TIA. |Ait(fatr)/Relap = —3 dB and Z (Ait(fnr)/RrF) = 124.5° 
at fart = 122 kHz. 


Fig.3 shows Air/Rr simulated by TINA-TI. The simulation results show 
that its —3 dB frequency is far = 122 kHz. The simulation results are consis- 
tent with the calculated results by (2.1), (2.3), (2.4), and (2.9). In addition, 
it is found that |Air(f)/Rrlap decreases monotonically, and there is no “gain 
peaking” on the curve, which also indicates the circuit is quite stable [16]. Com- 
paring Eqs.(2.8) and (2.9), as Ca + C] © Ca, facsr © 107 kHz for Ry = 10 
MQ is approximately equal to far, but a little smaller than it. 


2.6 Transient response of the proposed CryoSTM-TIA 


For the CryoSTM-TIA, the time taken from adding the input step signal volt- 
age to the output response stably within 0.1% error is called transient response 
time tr, which is less than 10 ys as shown in Fig.4. There is no “ringing” and 
“overshoot” characteristics in the output response curve, indicating the circuit 
stability [16]. 

Since tr < 10 ps, the time delay of the voltage rise/fall step for STS mea- 
surements only depends the limit of the source meter, which is about 0.1 ms 
[17]. The frequency of the modulated signal for STS measurements with this 
apparatus is capable as high as 100 kHz due to the large-bandwidth of the 
CryoSTM-TIA. Therefore, fast STS measurements are capable to be performed 
with this apparatus. 
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t (us) 


Fig. 4 TINA-TI simulation results for the transient response of the proposed CryoSTM- 
TIA, as Ry = Rp. The dashed curve is the step input signal V; and solid curve is the output 
response Vo. Transient response time tr < 10 us. 


3 Inherent noise of the proposed CryoSTM-TIA 
3.1 Noise model of CryoSTM-TIA 


The equivalent input noise voltage of the OPA is denoted as e, and its equiv- 
alent input noise current is 74, and their harmonic components at frequency 


2 S 

f are Ea and I, respectively. By Wiener-Khintchine theorem, ( SA = 
iach in 
Ex Eñ Ext 
InEX Ia 
matrix elements on the main diagonal are the equivalent input noise voltage 
PSD of the OPA and its equivalent input noise current PSD. The two matrix 
elements on the sub-diagonal are its equivalent input noise voltage-current 
PSD and equivalent input noise current-voltage PSD. 

The equivalent input noise voltage of the TIA is denoted as er and its 
equivalent input noise current is ir, and their harmonic components at f are 
Er and Ir respectively. The noise voltage of the feedback resistor Rp is denoted 
as ep and its harmonic component at f is Ep. 

For the TIA, the circuit containing all noise sources with the input short- 
circuit is shown as Fig.5(a), and the output noise voltage is eorv. The noiseless 
circuit with the equivalent input noise voltage of the TIA er as the input 
signal is shown as Fig.5(b), and its harmonic component at frequency f is 
Er. And, the output noise voltage is eoTve. For calculating er, the equations 
are established on the equivalency of the above two circuits, i.e. Coty = €oTve- 
Therefore, by nodal analysis method, 


can be obtained from ( ) [18, 19]. For the former matrix, the two 


Ep = Ex. (3.1) 


For the TIA, the circuit containing all noise sources with the input open- 
circuit is shown as Fig.6(a), and the output noise voltage is eori. The noiseless 
circuit with the equivalent input noise current of the TIA ir as the input 
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Fig. 5 (a) TIA circuit with the input short-circuit containing the equivalent input noise 
voltage of OPA ea, and its equivalent input noise current 74, and the output noise voltage 
of eorv; (b) Noiseless TIA circuit with the equivalent input noise voltage of the TIA er as 
the input signal, and the output noise voltage of eoTve; the equivalency of the above two 
circuits means eoTv = €oTve- 


signal is shown as Fig.6(b), and its harmonic component at frequency f is 
Iy. And, the output noise voltage is egpie. For calculating ir, the equations 
are established on the equivalency of the above two circuits, i.e. €oTi = €oTie- 
Therefore, by the nodal analysis method, 


Ip = Ia + (Eg + Ep)/Re. (3.2) 
z zr 
By Wiener-Khintchine theorem, ba COT can be obtained from 
ipem tr 


Eck, Erl% 
( IpEy Int} 
diagonal are the equivalent input noise voltage PSD of the TIA and its equiv- 
alent input noise current PSD. The two matrix elements on the sub-diagonal 
are its equivalent input noise voltage-current PSD and equivalent input noise 
current-voltage PSD. The temperature of Rp is T, and the thermal noise volt- 
age PSD of Rp is ef = 4kpTRr. ef, ih, eriñ, and ipe% can be expressed 


) . For the former matrix, the two matrix elements on the main 
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Coti 


Fig. 6 (a) TIA circuit with the input open-circuit containing the equivalent input noise 
voltage of OPA ea, and its equivalent input noise current 74, and the output noise voltage 
of eoTi; (b) Noiseless TIA circuit with the equivalent input noise current of the TIA ip as 
the input signal, and the output noise voltage of eoTie; the equivalency of the above two 
circuits means eoTi = CoTie- 


as = aa 
en =e, (3.3) 
% =i, + e3 / Rp +4ksT/Rp, (3.4) 
eqix, = (ipeh)* = eat + e2 /Rp. (3.5) 


The TIA connected with the tip-sample component in STM is called as 
STM-TIA. For the STM-TIA, the circuit containing the TIA noise sources is 
shown as Fig.7(a), and the output noise voltage is eo. The noiseless circuit 
with the equivalent input noise current of the TIA iin as the input signal is 
shown as Fig.7(b), and its harmonic component at frequency f is Iin. And, the 
output noise voltage is eoe. For calculating the equivalent input noise current 
of the STM-TIA, the equations are established on the equivalency of the above 
two circuits, i.e. €o = Ege. Therefore, by the nodal analysis method, 


Iin = Ip + (1/Ry + G2af Cy) Er. (3.6) 
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Fig. 7 (a) STM-TIA circuit containing the equivalent input noise voltage of TIA er and 
its equivalent input noise current ip, and the output noise voltage of eo; (b) Noiseless STM- 
TIA circuit with the equivalent input noise current iin as the input signal, and the output 
noise voltage of eoe; the equivalency of the above two circuits means €o = €oe. 


In this work, Ciy = Ci + C3. 2, can be obtained from J;,J*, by Wiener- 
Khintchine theorem. The equivalent input noise current PSD of the CryoSTM- 
TIA ¿2 is 


a, SE 1 == 
i2 =i + (z -+ (2r pCR ) e2, 


1 —— 1 — 
+ | — + j2r fCi epi te) = jan fC iret- (3.7) 
Ry Ry 


Putting Eqs.(3.3)-(3.5) into Eq. (3.7), 


4kgT 1 p 1 
R Re 


+ 1 4 jomfC a + : j2n fC: T AA 

era T e€At —— == = T “7 = à 

Ry J IJ ATA Re Ri J IJ ACA Rp 
(3.8) 


r (ons)? A 
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3.2 Equivalent input voltage noise and equivalent input 
current noise of Macro-OPA 


For the circuit of the proposed CryoSTM-TIA shown in Fig.1, the differential 
equivalent circuit with all noise sources is used to calculate its equivalent input 
noise. 

The equivalent input noise voltage and equivalent input noise current of 
H1; are denoted as e11 and 71; respectively, and their harmonic components 
at frequency f are E11 and J; respectively. For H21, H12, and H22, there are 
€21, €12, €22, i21, 112, 122, Ea, E2, Eə2, J1, Tia, and Ig. The resistors Ri, 
R2, and Rg are in the cryogenic zone of 4.2 K. The noise voltages generated by 
Ry, R2, and Rg are e1, e2, and ep respectively, and their harmonic components 
at frequency f are Fy, E2, and Ep respectively. The equivalent input noise 
voltage and equivalent input noise current of Rear-OPA are denoted as e, and 
ia respectively, and their harmonic components at frequency f are Ea and I, 
respectively. These noise sources are independent. 


1/84 


Fig. 8 Macro-OPA circuit with the input short-circuit containing all noise sources, and the 
output noise voltage of eoAv- 


For the Macro-OPA, the circuit containing all noise sources with the input 
short-circuit is shown as Fig.8, and the output noise voltage is eoav. The 
noiseless circuit with the equivalent input noise voltage of the Macro-OPA 
ea as the input signal is shown as Fig.9, and its harmonic component at 
frequency f is Er. And, the output noise voltage is eoave. For calculating eA, 
the equations are established on the equivalency of the above two circuits, i.e. 


202212.00180v1 
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Fig. 9 Noiseless Macro-OPA with the equivalent input noise voltage e, as the input signal, 
and the output noise voltage of eoAve. 


€oAv = €oAve- Therefore, by nodal analysis method, 


Tyg —I FE, —E E E 21 
Ea ~ Eu- En + ga (Eiz E22) + 12 22 1 2 f A A 
Jm Gm Jm RL Ime Jm RL Gm 

(3.9) 


Fig. 10 Macro-OPA circuit with the input open-circuit containing all noise sources, and 
the output noise voltage of eoAi. 
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Ee Fig. 11 Noiseless Macro-OPA with the equivalent input noise current i, as the input signal, 
and the output noise voltage of eoAiec- 


For the Macro-OPA, the circuit containing all noise sources with the input 
open-circuit is shown as Fig.10, and the output noise voltage is eoa;. The 
noiseless circuit with the equivalent input noise current of the Macro-OPA 
ia as the input signal is shown as Fig.11, and its harmonic component at 
frequency f is Ia. And, the output noise voltage is eoaic- For calculating iA, 
the equations are established on the equivalency of the above two circuits, i.e. 
€oAi = CoAic- Therefore, by nodal analysis method, 


. Cys Cos +C, 
In Shi + j2af (25 + Csa) Ei + Cet Ce, 


is Gm m 

AN l ga T22 Ea Er 

F= — j2rfCa | E21 4 E2 4 

€ =- í Å = ( 2 Im a Im In Ry =) 

— Cog + 2C, Ces + 2C, 

= -jans | P A AE N EE 7 N (3.10) 


2 


2 Oo 
By Wiener-Khintchine theorem, = = | can be obtained from 
iach Ñ 


Baki Ealh . The noises generated by Ri, Ro, and Rg in f > 1 kHz are 


thermal noise, and they can be neglected [3]. Ignoring the minor terms, 


= ee eee 42 = æ 4i 
e = e te t ae H H Soe fp H a, (3.11) 
A O ee gR g T gR g 


m 


ae >, 4 z 
i = ty + (27S) CA (a + zn) + (4r f)? (Cys + 20 ga)” 2 
L 
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— a oy aD: 
= i2 + (2r f C2 (z + Zn) + (4r f)? (Ces 4204) a (3.12) 


m 


S eA A — e2 4i2 
eath = (iae) = —j2rf | Caed, + (Cos +2Cga) | = t = 
Gn RI Im 


e2 4i2 


= —j2rf | Cae2, + (Ces +2Cga) (ae 2 Re + 3 . (3.13) 


e2 = 2.25 (nV)?/Hz and i? = 4 (pA)?/Hz in f > 10 kHz [13]. And, 
Ca = Cys + 3Cga. In Eqs.(3. il) (3.13), e2/(92,R?) is two orders of ne 
tude smaller than e?,, and 4i2/g?, is one order of magnitude smaller than e?. 
Further ignoring the minor terms in Eqs.(3.11)-(3.13), 


ef = 2e}, (3.14) 
B= + (Qn f) Cred, (3.15) 
eaty = (Aeh) = —j2n fC aeh. (3.16) 


By using the cascode-type configuration in the Pre-Amp, Miller effect is 
avoided, so Ca is only 8 pF. Therefore, DA in this work is much lower than 
that in Ref.[3]. 


3.3 Equivalent input current noise of the proposed 
CryoSTM-TIA 


Putting Eqs.(3.14)-(3.16) into Eq. (3.8), 


iZ = i} + 4kgT/Rp + [erp (C? + 02.) 2(1/Ry +1/Rr)*| e%, (3-17) 


2, = i + 4kpT/Rp + (2r f) CCue?} + (1/Ry + 1/Re)’ e. (3.18) 


For the proposed CryoSTM-TIA, Rp = 10 GO, Ca = 8 pF, Cy = 0.5 pF, 
and = = 10 fF. Rp and TJ are in the cryogenic zone at 4.2K. As Ry = 10 
MQ, i2 and its four components are listed in Table 2. The noise components 
of the CryoSTM-TIA in Ref.[3] are also listed in Table 2. The CryoSTM- 
TIA proposed in this work has an equivalent input noise current PSD of 0.21 
(fA)?/Hz at 10 kHz and 3.1 (£A)? /Hz at 100 kHz, which is much lower than 
that in Ref.[3]. 

Since the inherent noise of the CryoSTM-TIA is only 3.1 (fA)?/Hz at 100 


kHz, considering Q factor for the typical lock-in amplifier is about 25 ppm 
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Table 2 Noise components of CryoSTM-TIAs 


TIA type Proposed in this work Proposed in Ref.[3] 
Ca 8 pF 26 pF 
Rp 10 GQ 1GQ 
F (kHz) 10 100 10 100 
e? ((nV)?/Hz) 0.5 0.14 0.5 0.14 
Unit for the following terms is (fA)?/Hz 
a 0.17 2.9 0.8 20 
4kpT/Rp 0.02 0.02 0.2 0.2 
(2r f)?CCrye 0.01 0.2 0.03 0.7 
1 L 5252 
(© + Ez) ex 0.005 0.001 0.005 0.001 
i2, as total 0.21 3.1 1.5 21 


in 


[20], the AC input signal voltage for STS measurements is capable as low as 30 
Ry-fA, such as 0.3 uV for Ry = 10 MQ, which is still 10 times higher than the 
inherent noise of the CryoSTM-TIA. Therefore, high-energy-resolution STS 
measurements can be achieved with this apparatus. 


4 CryoSTM-TIA operating state adjustment 
and DC tunneling current measurement 


For the proposed CryoSTM-TIA in Fig.1, CNRS-HEMTs H1,, H21, H12, and 
H2ə with the same performances should be selected as far as possible [11]. 
And, their gate-source voltage for the ideal operating point (Vas = 100 mV and 
Ias = 1 mA) should be V,, < —100 mV. Gate P of H2; is constantly grounded. 

Disconnect the Pre-Amp from the Post-Amp, and ground the input of 
the Pre-Amp, i.e. gate N of H2; is grounded. Adjust potentiometer Rı2 to 
Ri: = Ry. Adjust the current generated by the constant-current source in 
dashed box (a2) of Fig.1 to Isour = 2 mA. Adjust the resistance R, to achieve 
the gate-source voltage Vs, of H1,, H21, H12, and H22 for their operating 
points (Vas = —Vgs and Ig, = 1 mA). Since Vas > 100 mV, all HEMTs operate 
in the saturation region, so their gm and gq are little changed comparing to 
those for the ideal operating point (Vas = 100 mV and Tas = 1 mA). 

Cascade the Pre-Amp and Post-Amp to form the Macro-OPA. Then, the 
DC voltage Vom at the output of the Macro-OPA is called as the output offset 
voltage of the Macro-OPA. Vom is caused by the following factors: the common- 
mode DC voltages on the inputs of the Rear-OPA [13] in the Post-Amp, its 
input offset voltage, its input bias currents, and its input offset current. Usually, 
Vom is not 0. Adjusting Rig, it can be achieved that Vom = 0. |aaolap © 
(gmr)ap ~ 95.6 dB, which is consistent with the simulation result |aao|ap 
95.1 dB in Fig.2(a). And, aao can be measured. 

Connect gate N of H1; to the output of the Macro-OPA with the feedback 
resistor Rp + Rk ~ Rp, and then disconnect it from ground, therefore the TIA 
is formed. Connect the signal source circuit to the TIA, to form the CryoSTM- 
TIA. As the DC bias V; is applied by BMS, the DC resistance of TJ is R, and 
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the potential at input N is Vy, and the output voltage of the CryoSTM-TIA 
is V,. Obviously, —aao Vn = Vo, and (V; — Vy)/R = (Vx — Vo)/Rr. The DC 
bias on TJ is V = V; — Vy, and DC tunneling current I = (V; — Vy)/R. I, as 
an approximate value of the DC tunneling current I is 


I, = —V,/Rp. (4.1) 
And, the relative error is obtianed as 
Er = |Is—1|/|I| = 1/(1 + ao), 
and the DC bias on TJ is 
V = V, + Vi/aao. (4.2) 


With the measured V, and aao, Is and V can be obtained by Eqs.(4.1) and 
(4.2). Since aao © 60,000, Er < 20 ppm. And, as R > 107?Rp, |Vo/aaol < 
|V|/60, so V ~ V; with the error less than 2%. Therefore, with this apparatus, 
the DC tunneling current and the DC voltage on the tunnel junction can be 
obtained accurately. 


5 Conclusions 


In this work, a design of transimpedance amplifier (TIA) for cryogenic scanning 
tunneling microscope (CryoSTM) is presented. The TIA connected with the 
tip-sample component in CryoSTM is called as CryoSTM-TIA. A cascode- 
type configuration for the Pre-Amp of the CryoSTM-TIA is used to avoid 
Miller effect, so that the circuit is stable with gain of 1OGQ and bandwidth 
more than 100 kHz. And, its transient response time less than 10 ps. The 
apparatus inherent noise is only 0.21 (fA)?/Hz at 10 kHz, and 3.1 (fA)?/Hz at 
100 kHz. With this apparatus, fast high-energy-resolution scanning tunneling 
spectra measurements can be performed for low conductivity materials, and 
their scanning tunneling shot noise spectra can be measured, even if the shot 
noise is very low. 


Supplementary information. Supplemental file can be found on https: 
//pan.baidu.com/s/1dmzt3-qost7JuOAXm-mkHA?pwd=1228. 
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